DNA double-strand breaks (DSBs) can arise from multiple sources, including exposure to ionizing radiation. The repair of DSBs involves both posttranslational modification of nucleosomes and concentration of DNA-repair proteins at the site of damage. Consequently, nucleosome packing and chromatin architecture surrounding the DSB may limit the ability of the DNA-damage response to access and repair the break. Here, we review early chromatin-based events that promote the formation of open, relaxed chromatin structures at DSBs and that allow the DNA-repair machinery to access the spatially confined region surrounding the DSB, thereby facilitating mammalian DSB repair.
DNA double-strand breaks (DSBs) can arise from multiple sources, including exposure to ionizing radiation. The repair of DSBs involves both posttranslational modification of nucleosomes and concentration of DNA-repair proteins at the site of damage. Consequently, nucleosome packing and chromatin architecture surrounding the DSB may limit the ability of the DNA-damage response to access and repair the break. Here, we review early chromatin-based events that promote the formation of open, relaxed chromatin structures at DSBs and that allow the DNA-repair machinery to access the spatially confined region surrounding the DSB, thereby facilitating mammalian DSB repair.
DNA Double-Strand Breaks and Cancer
Maintaining the integrity of genetic information is critical both for normal cellular functions and for suppressing mutagenic events that can lead to cancer. Damage to DNA can arise from external sources, such as exposure to ionizing radiation (IR), ultraviolet radiation (UV), or environmental toxins, or from endogenous sources, such as reactive oxygen species or errors during DNA replication. These events can generate a wide range of DNA lesions, including modified bases or sugar residues, the formation of DNA adducts, crosslinking of the DNA strands, and production of single-and double-strand breaks (DSBs). Consequently, cells have evolved at least six different DNA-repair pathways to deal with these distinct types of DNA damage (Kennedy and D'Andrea, 2006) . Among these lesions, DNA DSBs are particularly lethal because they result in physical cleavage of the DNA backbone. DSBs can occur through replication-fork collapse, during the processing of interstrand crosslinks, or following exposure to IR (Ciccia and Elledge, 2010; Jackson and Bartek, 2009; Kennedy and D'Andrea, 2006) . Because IR (radiation therapy) is widely used to treat cancer, understanding how cells repair DSBs created by IR, and how this process is altered in tumors, is of high significance.
Chromatin Structure and DSB Repair DSB repair takes place within the complex organization of the chromatin, and it is clear from work in many model systems that chromatin structure and nucleosome organization represent a significant barrier to the efficient detection and repair of DSBs. Mammalian cells contain a diverse array of specialized chromatin structures, such as active genes, telomeres, replication forks, intergenic regions, and compact heterochromatin. These structures are distinguished by specific patterns of histone modifications, unique histone variants, arrays of chromatinbinding proteins, and the density of nucleosome packing (de Wit and van Steensel, 2009; Grewal and Jia, 2007; Peng and Karpen, 2008) . This complexity and diversity in chromatin organization present a series of challenges to the DSB-repair machinery. The impact of chromatin on DNA repair was first described in the ''access-repair-restore'' model (Smerdon, 1991; reviewed in Soria et al., 2012) . This model proposed the minimal steps needed to reorganize the chromatin and repair DNA damage. Broadly, the DSB-repair machinery must be able to (1) detect DNA damage in different chromatin structures; (2) remodel the local chromatin architecture to provide access to the site of damage; (3) reorganize the nucleosome-DNA template for processing and repair of the damage; and, importantly, (4) restore the local chromatin organization after repair has been completed. Since this model was first put forward in 1991, we now know many of the remodeling factors and histone-modifying enzymes that act to create open chromatin structures and promote DNA repair, as well as factors such as histone chaperones, deacetylases, and phosphatases that reassemble the chromatin after repair is complete. Here, we will focus on the ''access'' component of the ''access-repair-restore'' model, reviewing some of the early (seconds-minutes) remodeling events that occur after DNA damage and that are required to create open chromatin structures. Although the ''accessrepair-restore'' model is likely applicable to the repair of all types of DNA damage, we will focus our discussion specifically on the repair of DNA DSBs. In particular, we will examine three broad chromatin-based events that occur during the first seconds-to-minutes after production of DSBs: (1) the formation of open chromatin structures at DSBs through acetylation of histone H4; (2) the importance of kap-1 in promoting chromatin relaxation in heterochromatin; and (3) the rapid polyADP-ribosylation (PARylation) of the chromatin by the polyADP-ribose polymerase (Parp) family, which promotes the transient recruitment of chromatin-remodeling enzymes and heterochromatin factors to the DSB.
DSB Repair in Mammalian Cells
The mammalian DSB-repair pathway is a complex signaling mechanism that regulates the two key responses to DSBsthe rapid activation of cell-cycle checkpoints and the recruitment of DNA-repair proteins onto the chromatin at the DSB (Figure 1) . The MRN complex, consisting of the mre11, rad50, and nbs1 proteins, is first recruited to DSBs, where it functions to recruit and activate the ATM protein kinase (Lavin, 2008; Sun et al., 2010) . Activated ATM has been shown to phosphorylate hundreds of proteins (Matsuoka et al., 2007) , including proteins involved in checkpoint activation (e.g., p53 and chk2) and DNA-repair proteins such as brca1 and 53BP1 (Ciccia and Elledge, 2010; Jackson and Bartek, 2009; Kennedy and D'Andrea, 2006) . A critical target for ATM is phosphorylation of the C terminus of the histone variant H2AX. Phosphorylated H2AX (referred to as gH2AX) creates a binding site for the BRCT domains of the mdc1 protein (Lou et al., 2006; Stucki et al., 2005) (Figure 1 ). Positioning of mdc1 at the DSB creates a docking site for additional DSB-repair proteins, including the MRN-ATM complex (Chapman and Jackson, 2008; Melander et al., 2008) . Consequently, phosphorylation of H2AX by ATM spreads away from the DSB, creating gH2AX domains that extend for hundreds of kilobases along the chromatin from the DSB (Bonner et al., 2008; Rogakou et al., 1999) . The mdc1 protein also recruits late-acting effector proteins, including the RNF8 and RNF168 ubiquitin ligases, which ubiquitinate the chromatin and promote loading of the brca1 and 53BP1 proteins (Doil et al., 2009; Kolas et al., 2007) . Similar to gH2AX spreading, chromatin ubiquitination can also spread for tens of kilobases from the DSB (Xu et al., 2010) . This extension of chromatin ubiquitination is opposed by the activity of the two E3 ligases, TRIP12 and UBR5, which promote the ubiquitin-dependent degradation of RNF168 (Gudjonsson et al., 2012) . DSB repair therefore involves the sequential recruitment and concentration of thousands of copies of individual DSB-repair proteins onto the chromatin, as well as extensive posttranslational modification of the nucleosomes.
DSB Repair by HR and NHEJ
The actual repair of DSBs can proceed through two distinct mechanisms: the error-prone nonhomologous end-joining (NHEJ) pathway and the error-free homologous recombination (HR) pathway (Huertas, 2010; Jackson and Bartek, 2009) . NHEJ involves minimal processing of the damaged DNA by nucleases, followed by direct re-ligation of the DNA ends. NHEJ requires the Ku70/80 DNA-binding complex and the DNA-PKcs kinase. In contrast, HR requires the generation of single-stranded DNA (ssDNA) intermediates, which are used for homology searching within adjacent sister chromatids. The production of ssDNA requires the initial nuclease activity of the CtIP-MRN complex (Sartori et al., 2007) , followed by further end processing by additional nucleases to produce ssDNA intermediates (Symington and Gautier, 2011) . This ssDNA is then used for homology searching in sister chromatids, which then provide the template for accurate repair of DSBs by HR. Importantly, because sister chromatids are only present during the S and G2 phases of the cell cycle, HR repair is restricted to this part of the cell cycle. Consequently, NHEJ predominates in G1 and HR in S and G2 phases. However, how cells regulate the choice between HR and NHEJ repair pathways is not well understood, although both the 53BP1 and brca1 proteins can play a key role in this choice Bunting et al., 2010) .
Influence of Chromatin Organization on Genomic Stability
The nucleosome is the basic functional unit of chromatin and consists of 147 bp of DNA wrapped around a histone octamer (Campos and Reinberg, 2009 ). Nucleosomes form linear 10 nm beads-on-a-string structures that pack together to form 30 nm arrays and other higher-order structures. The core of each nucleosome contains two H3-H4 dimers and two H2A-H2B dimers. The N-terminal tails of histones extend out from the nucleosome and contain conserved lysine residues that can be modified by acetylation, methylation, or ubiquitination. These modifications can function to attract specific chromatin complexes that can then alter nucleosome function. In addition to histone posttranslational modifications, chromatin organization is also regulated by multisubunit remodeling complexes built around a large motor ATPase. Four major ATPase families, including the SWI/ SNF, CHD, INO80, and ISWI families, have been identified in eukaryotes (Clapier and Cairns, 2009 ). These remodeling complexes utilize the energy from ATP hydrolysis to (1) remove nucleosomes from the chromatin and create open DNA sequences; (2) shift the position of the nucleosome relative to the DNA by exposing (or burying) a DNA sequence (nucleosome sliding); or (3) exchange pre-existing histones for specialized histone variants. Chromatin-remodeling complexes and histone modifications can alter the interaction within or between adjacent nucleosomes and recruit chromatin-binding proteins to specific regions (Cairns, 2005; Campos and Reinberg, 2009 ). Nucleosomes can therefore be envisaged as dynamic hubs to which chromatin-modifying proteins and specific modifications attach Top: ATM phosphorylates H2AX at DSBs, creating a binding site for the mdc1 protein. ATM-MRN complexes then associate with mdc1, promoting the spreading of gH2AX along the chromatin for hundreds of kilobases. Bottom: mdc1 recruits multiple DSB-repair proteins, including the RNF8/ RNF168 ubiquitin ligases, to sites of damage. Chromatin ubiquitination then facilitates loading of the brca1 complex and 53BP1 DSB-repair proteins. P = phosphorylation, Ub = ubiquitination, MRN = mre11-rad50-nbs1 complex.
and that regulate the function and packing of the DNA in the chromatin.
The importance of chromatin organization in maintaining genomic stability is underscored by studies demonstrating that mutation rates are not even across the human genome. Sequencing of multiple cancer genomes has revealed that mutations accumulate at much higher levels in compact, H3K9me3-rich heterochromatin domains (Schuster-Bö ckler and Lehner, 2012) , consistent with the slower rates of DNA repair reported in heterochromatin (Goodarzi et al., 2008; Noon et al., 2010) . Further, inserts and deletions are depleted around nucleosomes, whereas mutations tend to cluster on the nucleosomal DNA (Chen et al., 2012; Sasaki et al., 2009; Tolstorukov et al., 2011) , and both can be influenced by the presence of specific epigenetic modifications on the nucleosome (Schuster-Bö ckler and Lehner, 2012; Tolstorukov et al., 2011) . Some of these differences in mutation rates may accrue by negative selection (for example, selection against mutations in coding regions) or through protection of the DNA from mutagens by association with nucleosomes. However, the elevated mutation rates in compact, transcriptionally silent heterochromatin domains (Schuster-Bö ckler and Lehner, 2012) imply that chromatin packing may impact the detection or repair of damage by the DNA-repair machinery. That is, the ability of the DNA-repair machinery to access the DNA can have a significant impact on genomic stability within specific regions.
DSBs Promote Rapid Histone H4 Acetylation
One of the best of the best characterized changes in chromatin organization is the rapid formation of open chromatin structures at DSBs. Several groups have demonstrated that this process is associated with increased acetylation of histones H2A and H4 on nucleosomes at DSBs (Downs et al., 2004; Jha et al., 2008; Kusch et al., 2004; Murr et al., 2006) . This acetylation extends for hundreds of kilobases away from the break (Downs et al., 2004; Murr et al., 2006; Xu et al., 2010) , similar to the spreading of gH2AX (Figure 1 ). The acetylation of histone H4 at DSBs is dependent on the Tip60 acetyltransferase, a haploinsufficient tumor-suppressor protein that is required for the repair of DSBs (Doyon and Cô té , 2004; Gorrini et al., 2007; Sun et al., 2010) . Tip60 is rapidly recruited to DSBs, where it can acetylate multiple DDR proteins, including histones H2A and H4, the ATM kinase, p53, and other repair proteins (Bird et al., 2002; Ikura et al., 2007; Jha et al., 2008; Sun et al., 2005 Sun et al., , 2010 Sykes et al., 2006) . Tip60 functions in DSB repair as a subunit of the human NuA4 (hNuA4) remodeling complex. hNuA4 contains at least 16 subunits (Doyon and Cô té , 2004) , of which 4 posses catalytic activity-the Tip60 acetyltransferase, the p400 motor ATPase, and the Ruvbl1 and Ruvbl2 helicase-like proteins. Multiple subunits of hNuA4, including Tip60 (Sun et al., 2009) , Trrap (Downs et al., 2004; Kusch et al., 2004; Murr et al., 2006) , p400 (Xu et al., 2010) , and ruvbl1 and ruvbl2 (Jha et al., 2008) are corecruited to DSBs, suggesting that these proteins are recruited together as components of hNuA4.
Interestingly, hNuA4 is a fusion of two separate yeast complexes-the smaller yeast NuA4 (yNuA4) complex, which contains the Tip60 homolog esa1, and the ySWR1 complex, which contains the Swr1 ATPase and the yeast Ruvbl1 and Ruvbl2
homologs (Clapier and Cairns, 2009; Doyon and Cô té , 2004) . Both yNuA4 (Downs et al., 2004) and ySWR1 complexes (Papamichos-Chronakis et al., van Attikum et al., 2007) are recruited to enzymatically generated DSBs in yeast. However, whereas yNuA4 and SWR1 are recruited to DSBs through direct interaction with gH2AX (Downs et al., 2004; van Attikum et al., 2007) , hNuA4 is loaded onto chromatin through interaction with the mdc1 protein (Xu and Price, 2011; Xu et al., 2010) . However, in both yeast and mammalian cells, loading of either yNuA4 or hNuA4 at DSBs leads to the rapid acetylation of the N-terminal tail of histone H4 by Tip60 (Downs et al., 2004; Ikura et al., 2007; Murr et al., 2006; Sun et al., 2009; Xu et al., 2010) . Inactivation of Tip60 (Bird et al., 2002; Downs et al., 2004; Ikura et al., 2000; Murr et al., 2006) blocks H4 acetylation and increases sensitivity to DNA damage. Finally, mutation of the Tip60 acetylation sites on H4 in yeast increases sensitivity to DNA damage similar to that seen following Tip60 inactivation (Bird et al., 2002; Downs et al., 2004) . Although mutation of the N-terminal tail of H4 is not possible in mammalian cells, the results from both yeast and mammalian systems indicate that the rapid recruitment of NuA4 complexes containing Tip60 to DSBs leads to the increased acetylation of histone H4 and H2A adjacent to the DSB.
Histone Acetylation Creates Open Chromatin Structures
It is well-established that open chromatin conformations at actively transcribed genes are associated with acetylation of histone H4 (Campos and Reinberg, 2009; de Wit and van Steensel, 2009) . The N-terminal tail of histone H4 can interact with the acidic patch on the surface of H2A-H2B dimers of adjacent nucleosomes (Luger et al., 2012) . Disruption of this interaction by acetylation of H4 on lysine 16 (Robinson et al., 2008; ShogrenKnaak et al., 2006) inhibits packing of 30 nm fibers and leads to chromatin decompaction. The increase in acetylation of histones H2A and H4 at DSBs may therefore promote chromatin unpacking and direct the formation of open, relaxed chromatin structures detected at DSBs (Kruhlak et al., 2006) . In fact, several studies have demonstrated that chromatin at DSBs undergoes a transition to a more open, less compact conformation. For example, the sensitivity of DNA to nuclease digestion increases after DNA damage (Smerdon et al., 1978; Ziv et al., 2006) , indicating that linker DNA between nucleosomes is more accessible. Depletion of histone H1, which binds to linker DNA and promotes nucleosome packing, promotes chromatin relaxation and facilitates DSB repair (Murga et al., 2007) . Histones at DSBs are susceptible to extraction in low salt (Xu et al., 2010) , implying a weaker interaction between DNA and histones at DSBs. Further, biophysical studies demonstrate that DSBs lead to a localized chromatin expansion at DSBs (Kruhlak et al., 2006) . Finally, inactivation of Tip60 (Murr et al., 2006; Xu et al., 2010 Xu et al., , 2012 The p400 ATPase of hNuA4 Catalyzes H2A.Z Exchange at DSBs In addition to Tip60, the hNuA4 complex also contains the p400 motor ATPase. p400 is a member of the Ino80 family of chromatin-remodeling ATPases, which includes two yeast proteins-yIno80 and ySwr1. yIno80 and ySwr1 are both recruited to DSBs in yeast, and loss of either component leads to significant defects in both checkpoint activation and DSB repair (Downs et al., 2004; Papamichos-Chronakis et al., 2006; van Attikum et al., 2007) . Members of the Ino80 family, including the mammalian p400 ATPase, can exchange histone H2A for the H2A variant H2A.Z (Fuchs et al., 2001; Gé vry et al., 2007; Kusch et al., 2004) , suggesting that Ino80 family members may regulate H2A.Z exchange during DSB repair. Indeed, in yeast, loss of H2A.Z leads to increased sensitivity to DNA-damaging agents (Morillo-Huesca et al., 2010; Papamichos-Chronakis et al., 2011) and defective repair of DSBs (Kalocsay et al., 2009) . Although a transient increase in H2A.Z deposition at DSBs in yeast has been reported (Kalocsay et al., 2009 ), other studies suggest that Ino80 and Swr1 may function antagonistically to regulate or maintain H2A.Z at DSBs (Papamichos-Chronakis et al., van Attikum et al., 2007) , with no overall increase in H2A.Z exchange at DSBs in yeast (van Attikum et al., 2007) . However, in mammalian cells, the hNuA4 complex promotes not only H4 acetylation by the Tip60 subunit but also the rapid exchange of H2A for H2A.Z at DSBs (Figure 2) (Xu et al., 2012) . H2A.Z exchange requires the ATPase activity of the p400 motor protein and creates chromatin domains containing H2A.Z nucleosomes that extend away from the DSB. Surprisingly, H2A.Z precedes, and is required for, both the acetylation of histone H4 by Tip60 and the creation of open chromatin domains at DSBs (Downs et al., 2004; Murr et al., 2007; Xu et al., 2010) . The exchange of H2A.Z onto nucleosomes at DSBs leads to an increase in the salt solubility of the histones (Xu et al., 2012) , indicating the formation of open chromatin at the site of damage. This is consistent with published work demonstrating that H2A.Z nucleosomes are less stable than H2A nucleosomes and are more sensitive to extraction at low-salt concentrations (Henikoff et al., 2009; Jin and Felsenfeld, 2007; Weber et al., 2010; Zhang et al., 2005) . However, other studies have shown that H2A.Z stabilizes nucleosomes (Fan et al., 2004; Park et al., 2004) . These opposing effects of H2A.Z on nucleosome structure have been extensively reviewed by others (Billon and Cô té , 2012; Zlatanova and Thakar, 2008) . However, it has been noted that the ability of H2A.Z to reduce nucleosome stability is dependent on both histone modifications and the presence of additional histone variants, including histone H3.3, on the nucleosome (Henikoff et al., 2009; Jin and Felsenfeld, 2007; Jin et al., 2009 ). The ability of H2A.Z to destabilize nucleosomes at DSBs may therefore depend on both the presence of additional histone variants (such as H3.3) and histone posttranslational modifications on nucleosomes. Consistent with this, the ability of H2A.Z to create open chromatin structures at DSBs requires both the presence of H2A.Z and acetylation of histone H4 tails by the Tip60 acetyltransferase (Xu et al., 2012) (Figure 2 ). That is, H2A.Z appears to only be capable of destabilizing nucleosomes at DSBs in the context of an acetylated H4 tail.
How the presence of H2A.Z promotes the acetylation of the N-terminal tail of H4 by Tip60 is less clear. Nucleosomes containing H2A.Z exhibit only subtle differences in structure from H2A nucleosomes (Suto et al., 2000) . The N-terminal tail of histone H4 interacts with an acidic patch on the surface of the nucleosome and promotes packing into 30 nm fibers (Robinson et al., 2008; Shogren-Knaak et al., 2006) . In H2A.Z, this acidic patch is extended in length, and it has been proposed that this extended acidic region stabilizes the interaction between H2A.Z and H4, promoting packing of nucleosome fibers (Fan et al., 2004) . This would tend to restrict the ability of Tip60 to acetylate the N-terminal tail of H4. However, as discussed above, the ability of H2A.Z to impact chromatin organization can be modulated by the presence of histone H3.3 or by additional histone modifications within the nucleosome (Jin and Felsenfeld, 2007; Jin et al., 2009; Zlatanova and Thakar, 2008) (Figure 2 ). H2A.Z exchange may therefore be only part of the equation, with the potential for exchange of H3.3, specific acetylation of H2A.Z, or additional remodeling motor ATPases contributing to acetylation of histone H4 in response to DSBs. Unraveling these early events will provide new insight into H2A.Z-mediated shifts in chromatin structure at the DSB. 
Rapid Chromatin Remodeling Promotes Ordered Chromatin Modification
The NuA4-driven changes in chromatin organization (Figure 2 ) have a significant impact on the mechanism of DSB repair. In particular, the formation of open chromatin domains through H2A.Z exchange and H4 acetylation facilitates further DNAdamage-dependent modification of the chromatin by both ubiquitination and methylation of histone H4 (Figure 3) . Inactivation of components of hNuA4, including p400, Tip60, or Trrap, blocks the ubiquitination of histone H2A/H2AX by RNF8/RNF168 and inhibits the subsequent loading of several effector proteins, including brca1, 53BP1, and rad51, onto chromatin (Figure 3 ) (Courilleau et al., 2012; Murr et al., 2006; Xu et al., 2010 Xu et al., , 2012 . Brca1 recruitment requires interaction between the RAP80 subunit of the brca1 complex and ubiquitinated chromatin at DSBs (Sobhian et al., 2007) . The NuA4-dependent shift in chromatin structure at DSBs may therefore reveal cryptic sites for H2A/H2AX ubiquitination by RNF8/RNF168 and drive loading of brca1. The recruitment of 53BP1, a DNA-repair protein that regulates NHEJ (Bunting et al., 2010) , is complex and can also be regulated by RNF8/RNF168-mediated chromatin ubiquitination (Doil et al., 2009; Huen et al., 2007) . However, 53BP1 does not possess an identifiable ubiquitin-binding motif. It has also been shown that 53BP1 recruitment to DSBs requires H4 acetylation (Murr et al., 2006; Xu et al., 2010) and H4K20 methylation (Botuyan et al., 2006) . In fact, 53BP1's tudor domain can bind to histone H4 dimethylated on lysine 20 (H4K20me2) (Botuyan et al., 2006) . Because a significant fraction (>80%) of H4K20 is dimethylated in mammalian cells, the increased acetylation of histone H4 at DSBs may function to both unpack closely opposed chromatin fibers and reveal H4K20me2 for 53BP1 binding. Also, H2A/H2AX ubiquitination by RNF8 and RNF168 may further promote 53BP1 loading by altering the accessibility of 53BP1 to H4K20me2 (Figure 3 ). Interestingly, mice lacking both of the suv4-20h H4K20me2 methyltransferases have almost no H4K20me2 and display increased genomic instability yet maintain normal recruitment of 53BP1 to DSBs (Schotta et al., 2008) . Although this may suggest that H4K20me2 is dispensable for 53BP1 recruitment to DSBs, it has recently been reported that the methyltransferase MMSET is recruited to DSBs and promotes the formation of H4K20me2 (Pei et al., 2011) . Recruitment of MMSET may provide the mechanism for methylation of the small fraction of H4K20 that is not constitutively methylated and may partially compensate for loss of constitutive H4K20me2 in the suv4-20h1/suv4-20h2 doubleknockout mice. In fact, 53BP1 has been reported to promote long-range interactions between DNA ends (Difilippantonio et al., 2008) , suggesting that 53BP1 binding may itself play a role in regulating or stabilizing chromatin structure after DNA damage (Noon et al., 2010) . Thus the initial change in nucleosome function imposed by H2A.Z exchange promotes an ordered series of histone modifications, including acetylation of histone H4 and ubiquitination of the chromatin (Figure 3 ). This may then either unmask H4K20me2 buried within the nucleosome structure and/or promote H4K20 methylation by MMSET and thereby facilitate loading of both 53BP1 and brca1 complexes onto the chromatin. The early remodeling events therefore play a critical role in directing the ordered recruitment of DSB-repair proteins to the site of damage.
Impact of H2A.Z on DSB Repair
Cells lacking H2A.Z or components of NuA4 are hypersensitive to IR and have defects in both NHEJ-and HR-directed repair (Downs et al., 2004; Ikura et al., 2000; Murr et al., 2006; Xu et al., 2010 Xu et al., , 2012 . This wide range of defects reflects the early and critical role of hNuA4 in promoting access to sites of damage and reflects both the failure to create open chromatin structures and the lack of recruitment of brca1, which is essential for HR-mediated DSB repair. Intriguingly, when H2A.Z exchange at DSBs is inhibited, cells undergo unrestricted end resection, leading to accumulation of excess ssDNA and the loss of Ku70/80 binding (Xu et al., 2012) . Further, this defect can be reversed by depletion of CtIP, suggesting that H2A.Z exchange functions to restrain or restrict the ability of the CtIP-MRN nuclease complex to initiate end resection of the DSB. In yeast, loss of the ySwr1 ATPase also leads to defects in Ku70 H2A.Z exchange promotes H4 acetylation by Tip60, which in turn directs ubiquitination of the chromatin by the RNF8/RNF168 ubiquitin ligases. 53BP1 is then recruited to chromatin through interaction with H4K20me2. 53BP1 may utilize pre-existing H4K20me2 or require de novo methylation by MMSET. Whether ubiquitination promotes access to H4K20me2 is not yet known. Association of NuA4-Tip60 with mdc1 omitted for clarity. P = phosphorylation, Ac = H4 acetylation, Ub = ubiquitination, Me = H4K20me2. recruitment and defects in error-free NHEJ (van Attikum et al., 2007) , although this is not directly linked to H2A.Z exchange. Recent work on the role of H2A.Z at transcriptional start sites (TSS) provides some potential insight into how H2A.Z may restrict end resection. The TSS of many genes are flanked by H2A.Z nucleosomes Zhang et al., 2005) , which may function to fix the positions of nucleosomes on either side of the TSS and thereby maintain nucleosome-free DNA for transcription-factor binding. Nucleosomes are also lost at DSBs, creating nucleosome-free regions (Tsukuda et al., 2005) . The placement of H2A.Z nucleosomes on either side of nucleosome-free regions at the DSB therefore creates a structure similar to that reported at the TSS of genes. Positioning of H2A.Z on either side of the DSB may therefore define the limits of the nucleosome-free region and create a chromatin template that restricts or limits end resection by the CtIP-MRN complex. The early remodeling of the chromatin at DSBs through H2A.Z exchange and H4 acetylation is therefore critical for setting the scene for further processing and eventual repair of the DSB through either NHEJ or HR pathways.
Accessing DSBs in Heterochromatin
How cells access and repair DSBs within the higher-order chromatin environment of heterochromatin has been the subject of recent studies. Heterochromatin is classically described as condensed, densely staining regions of DNA that contain few active genes but are enriched for repetitive sequences. Mammalian heterochromatin is characterized by high levels of the histone modifications H3K9me3 and H3K27me3 and low levels of histone acetylation. Heterochromatin is maintained by a dense array of specific chromatin-binding proteins, including members of the HP1 family (which bind to methylated H3K9), kap-1, histone deacetylases (HDACs), and histone methyltransferases. From the perspective of DSB repair, it is important to determine whether the dense packing and unique array of heterochromatin-binding proteins present a specific barrier to the DSB-repair machinery. Further, the presence of repetitive DNA within heterochromatin may provide a significant challenge for HR-mediated repair, requiring more stringent control of HR to prevent inappropriate recombination events.
kap-1 is a repressor protein that interacts with HP1, HDACs, and histone methyltransferases and functions to maintain heterochromatin (Iyengar and Farnham, 2011) . In response to DSBs, kap-1 is phosphorylated by ATM (Goodarzi et al., 2008; Ziv et al., 2006) , promoting a general relaxation of the chromatin structure. Repair of DSBs (as measured by loss of gH2AX foci) is significantly slower within heterochromatin regions and is dependent on phosphorylation of kap-1 by ATM. Further, kap-1 phosphorylation promotes release of the CHD3-remodeling ATPase from heterochromatin (Goodarzi et al., 2011) , a process required for efficient repair. It is currently unclear how loss of CHD3 or phosphorylation of kap-1 (which remains associated with the DSB regions) impacts overall chromatin structure at DSBs. In addition to kap-1 phosphorylation, HP1 proteins (including HP1a, b, and g) can repress heterochromatin repair. Depletion of HP1 proteins (or depletion of the H3K9 methyltransferases) can decondense heterochromatin and promote repair of DSBs even in the absence of ATM kinase activity (Chiolo et al., 2011; Goodarzi et al., 2008 Goodarzi et al., , 2011 . Further, there is some evidence to suggest that HP1 proteins are actively ejected from the chromatin during DNA repair (Ayoub et al., 2008) . These observations are consistent with the idea that the dense packing of nucleosomes and the presence of specific heterochromatin-binding complexes are a significant barrier to repair of heterochromatic DSBs. Further, these results indicate a critical role for phosphorylation of kap-1 by the ATM kinase in promoting the unpacking of heterochromatin and thereby facilitating repair of heterochromatic DSBs. Currently, it is unclear whether, for example, the NuA4-Tip60 complex acetylates histones at heterochromatic DSBs or whether the phosphorylation of kap-1 within heterochromatin is sufficient to create the required open chromatin structure. Further, given that H2A.Z is found at heterochromatin boundaries, it will be interesting to determine whether this histone variant is important for heterochromatic DSB repair as well.
Spacing of H2AX Nucleosomes and Heterochromatin
Studies on DSB repair in heterochromatin utilize microscopy to monitor the appearance of gH2AX foci and either DAPI (to detect dense chromatin domains) or antibodies to locate regions of heterochromatin (Chiolo et al., 2011; Goodarzi et al., 2008; Noon et al., 2010) . Several studies indicate that gH2AX foci preferentially assemble in euchromatin or are predominantly located at the boundary of the heterochromatin (Goodarzi et al., 2008; Kim et al., 2007; Noon et al., 2010) . However, studies with enzymatically generated DSBs coupled with chromatin immunoprecipitation indicate that gH2AX does not spread uniformly along the chromosome (Iacovoni et al., 2010; Meier et al., 2007; Savic et al., 2009) , and the size of the gH2AX domain varies between different chromatin locations (Xu et al., 2012) . Further, in yeast, gH2AX does not spread through heterochromatin regions (Kim et al., 2007) . H2AX is unique compared to other DSB-repair proteins because it is prepositioned on nucleosomes rather than recruited to DSBs. To function as a DSB detector, and to allow for gH2AX propagation along the chromatin, it would be expected that H2AX should be evenly deposited along the chromatin. However, the amount of H2AX in cells can vary from 2% to 20% of the total H2A (Rogakou et al., 1998) . That is, in some cells, 1 in 2.5 nucleosomes contain H2AX, whereas in other cells, as few as 1 in 25 nucleosomes may contain H2AX. In fact, highresolution microscopy indicates that H2AX is concentrated in specific domains (Bewersdorf et al., 2006) , and chromatin immunoprecipitation combined with sequencing (ChIP-Seq) analysis indicates that H2AX is concentrated within gene-rich regions (Iacovoni et al., 2010) . This raises the possibility that H2AX density or distribution within heterochromatin is significantly lower than in other domains. The failure to detect gH2AX foci in heterochromatin with microscopy may therefore reflect altered H2AX distribution in heterochromatin and a reduced need for H2AX function in heterochromatin.
In addition to differential H2AX distribution in heterochromatin, recent work in Drosophila has provided an alternative explanation for why gH2AX foci are only detected at the periphery of the heterochromatin. This work demonstrates that phosphorylation of H2AX and initial recruitment of DSB-repair proteins to the break occur normally within the heterochromatin. However, these heterochromatic DSBs rapidly migrate out of the heterochromatin; hence the actual DSB repair is carried out within euchromatin (Chiolo et al., 2011; Jakob et al., 2011) . Further, this relocation of the DSB is only partly dependent on ATM, indicating that phosphorylation of kap-1 by ATM does not contribute to this process. Moving the DSB out of the heterochromatin may limit recombination with repetitive sequences and allow increased mobility and easier access to the DSB. However, it should be noted that experiments in mammalian cells have indicated only limited mobility for DSBs, so it will be important to explore DSB mobility in the heterochromatin of mammalian cells (Krawczyk et al., 2012; Soutoglou et al., 2007) . Finally, it is interesting to note that, in yeast, exchange of H2A.Z into the chromatin is required for relocalization of persistent DSBs to the nuclear periphery (Kalocsay et al., 2009) . The NuA4-mediated exchange of H2A.Z at heterochromatin DSBs (Figure 2 ) may potentially promote relocation of DSBs out of the heterochromatin. Clearly, our understanding of the mechanism of DSB repair within heterochromatin is limited. Developing new approaches, such as coupling synthetic nucleases to create DSBs in heterochromatin with ChIP-Seq approaches, may provide a more directed approach to understanding DSB repair within specific chromatin domains.
Early Recruitment Events: HP1
It is now clear that additional chromatin based events occur prior to the NuA4-mediated chromatin relaxation. In particular, 2 heterochromatin-associated proteins, HP1 and kap-1, participate in the early response to DSBs in euchromatin. HP1a and kap-1 are rapidly recruited to DSBs within seconds to minutes after damage induction ( (Baldeyron et al., 2011; Luijsterburg et al., 2009) reviewed in (Soria et al., 2012) ). The recruitment of HP1a and kap-1 is essential for loading 53BP1 and brca1 and for HR directed repair. Kap-1 and HP1 proteins may be recruited to DSBs as a single complex, although HP1a loading requires the histone chaperone ASF1 (Baldeyron et al., 2011) . Importantly, HP1 and kap-1 recruitment to euchromatin is transient, with both proteins dissociating from the break a few minutes after damage induction (Baldeyron et al., 2011) . It is currently unclear if HP1 and kap-1 have distinct roles in heterochromatin and euchromatin during DSB repair, and why transient recruitment and release of HP1 is important remains to be investigated. One potential explanation is that kap-1 exists as a complex with repressive factors including HDACs and H3K9 methyltransferases (Iyengar and Farnham, 2011) . Recruitment of repressive kap-1 complexes may rapidly ''heterochromatinize'' the DSB region, preventing transcription and stabilizing the chromatin structure. Further, since the Tip60 sub-unit of NuA4 requires interaction with H3K9me3 for stimulation of its acetyltransferase activity (Sun et al., 2009) , recruitment of kap-1/HP1 complexes may provide a mechanism for the rapid methylation of H3K9 and therefore facilitate the activity of both Tip60 and the NuA4 complex. The transient accumulation of kap-1 and HP1 complexes may rewrite local histone modification signatures, thereby increasing available H3K9me3 and promoting the activity of the Tip60 sub-unit of NuA4 and other factors.
Early Recruitment of NuRD and ALC1 Complexes through PARylation
Similarly to recruitment of kap-1/HP1, there is also a rapid and transient accumulation of the NuRD (Chou et al., 2010; Larsen et al., 2010; Polo et al., 2010; Smeenk et al., 2010) and ALC1 (Ahel et al., 2009 ) remodeling complexes at DSBs (Figure 4) . NuRD complexes contain either the CHD3 or CHD4 ATPase, HDAC1 or HDAC2, and associated regulatory subunits (Clapier and Cairns, 2009) . NuRD is a repressive complex that maintains higher-order chromatin structure. Inactivation of NuRD or ALC1 leads to defects in DSB repair and increased sensitivity to DNA Proposed chronological sequence of steps in remodeling of a DSB. Initial PARylation by PARP1 leads to rapid recruitment of NuRD and ALC1 (through interaction with PAR) and kap-1/HP1 complexes (possibly through interaction with PAR). Deacetylation of histones (including H2A, H3, and H4) by NuRD and proposed H3K9 methylation (by HP1/kap1-associated lysine methyltransferases [KMTs] including suv39h1 and G9a) create a temporary repressive chromatin structure with low histone acetylation and high density of H3K9me3. Subsequently, the HP1/kap1, ALC1, and NuRD complexes are rapidly released from the chromatin, potentially through dePARylation by PARG. Phosphorylation of gH2AX then recruits NuA4-Tip60, promoting the ordered remodeling of the chromatin through H2A.Z exchange, acetylation of histone H4 (H4Ac), chromatin ubiquitination, and modulation of H4K20me2. This creates a common chromatin template for DSB repair by either NHEJ-or HR-mediated repair.
damage (Ahel et al., 2009; Chou et al., 2010; Polo et al., 2010; Smeenk et al., 2010) . NuRD regulates the acetylation of p53 and thereby controls the extent of G1-S arrest following DNA damage (Larsen et al., 2010; Polo et al., 2010) . Second, NuRD, like NuA4, is required for chromatin ubiquitination by RNF8/ RNF168 and for loading of brca1 (Larsen et al., 2010; Smeenk et al., 2010) . The recruitment of NuRD complexes to DSBs requires PARylation of the chromatin by PARP1 (Chou et al., 2010; Polo et al., 2010) . PARP1 belongs to a family of Parps that play a central role in both transcription and DNA repair (Gibson and Kraus, 2012) . Chromatin at DSBs is rapidly and transiently PARylated (Figure 4) , and it is this modification, rather than gH2AX or ATM signaling, that localizes NuRD at the DSB (Chou et al., 2010; Polo et al., 2010) .
Similarly, ALC1, a remodeling ATPase that functions to reposition nucleosomes on the chromatin, is also rapidly recruited to DSBs through direct interaction with PAR chains on the chromatin (Ahel et al., 2009; Gottschalk et al., 2009 ). ALC1 loading is rapid and transient after DNA damage and may favor the formation of open chromatin (Ahel et al., 2009 ). Thus at least three remodeling complexes, HP1/kap-1, NuRD, and ALC1, are rapidly, but transiently, recruited to DSBs (Figure 4 ). Because PARylation of the chromatin is transient yet independent of gH2AX formation, the recruitment of HP1/kap-1, NuRD, and ALC1 likely precedes the recruitment and loading of the NuA4-Tip60 complex (Figure 4) . However, whether these complexes work sequentially or in parallel is not yet known. For example, whether the recruitment of NuA4-Tip60 or H2A.Z exchange requires prior processing of the chromatin by either ALC1 or NuRD or is dependent on chromatin PARylation is not known. Further, it remains to be seen whether the HP1/kap-1 complex is recruited to DSBs through PARylation or some other mechanism. Finally, the rapid release of ALC1, NuRD, and HP1/kap-1 complexes may be brought about by dePARylation of the chromatin by polyADP-ribose glycohydrolases (PARGs) (Figure 4) . Understanding the regulation of PARGs may provide new insight into some of the earliest events occurring during DSB repair.
The HP1/kap-1, ALC1, and NuRD complexes deploy a wide range of chromatin-remodeling activities, including HDACs (NuRD), methyltransferases (HP1/kap-1), and remodeling ATPase activities (NuRD and ALC1) at the DSB. Because these complexes are only retained at the DSBs for a short time period (minutes), they must play a critical role in the initial detection and processing of the chromatin at the DSB. This role could include the rapid termination of local transcription by promoting histone deacetylation (NuRD) and/or the formation of repressive chromatin through histone methylation and loading of kap-1/HP1 complexes. By erasing previous histone acetylation marks, NuRD and the other complexes may prime the chromatin for uniform acetylation by the NuA4-Tip60 complex. Further, ALC1 may function to reposition nucleosomes at the DSB and to stabilize the chromatin and facilitate further processing and repair. These events may rapidly and transiently stabilize the local chromatin structure by creating a temporary, compacted, repressive chromatin environment at the DSB. Subsequently, DSB signaling, including gH2AX formation and ATM activation, leads to the ordered recruitment of DSB-repair proteins to the chromatin at DSBs. The transient creation of PAR chains at DSBs by PARP1, which allows the rapid recruitment of NuRD, ALC1, and potentially kap-1/HP1, is therefore a critical early event in the DNA-damage response.
Conclusions and Future Directions
A eukaryotic cell must integrate classical DSB-repair signaling and repair by NHEJ and HR pathways with the complexity of the local chromatin architecture. Functional chromatin domains, such as replication forks, genes, or heterochromatin, differ significantly in the patterns of histone modifications, the types of chromatin-binding proteins, and the degree of nucleosome packing. Each of these domains may therefore require unique chromatin-remodeling complexes to alter the local chromatin architecture at individual DSBs. Identifying the protein-remodeling complexes that are essential for repair in specific chromatin structures is therefore of key importance. Such processes may be critical for reshaping the local chromatin structure and for creating a common DNA template that can be presented to the DSB-repair machinery. It is clear that some of the earliest events in DSB repair occurring in the first few minutes after damage can have a profound impact on processing of the damaged chromatin template. However, in addition to these early events, there are many additional steps in DSB repair that require chromatin remolding, such as homology searching during HR-directed repair or regulation of end resection during repair. In addition, resetting the chromatin structure and restoring the original epigenetic code to the repaired chromatin are vital to ensure that normal functionality is restored to the damaged chromatin.
